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▼Proteins overproduced in Escherichia coli sometimes form
inclusion bodies, which can then be dissolved with the help
of chaotropic reagents such as guanidine hydrochloride or
urea. To recover proteins in aqueous buffers suitable for
biochemical use, the concentrations of chaotropic reagents
then must be reduced, usually by dialysis or rapid dilution
(Ref. 1, 2, 3). Unwanted re-precipitation often happens at
this stage. Here, we report that dialysis against buffers con-
taining 75% glycerol prevents such re-precipitation, and
that the solubility can be efficiently maintained through a
subsequent rapid dilution of the glycerol.
Protocol
The solubilization procedure consisted of two steps:
Solubilization of inclusion bodies in guanidine hydrochloride
(GnHCl) solution and removal of GnHCl
The inclusion bodies are conventionally prepared from E.
coli cell homogenates by centrifugation for 30min at 13 000
rpm at 4◦C, and suspended in TEM buffer (10 mM Tris-HCl
(pH 7.5), 1 mM EDTA, 1 mM 2-mercaptoethanol) contain-
ingGnHCl. The final concentration ofGnHCl should not be
less than 6M. Any insoluble materials are removed by cen-
trifugation under the same conditions. The supernatant is
then rapidly diluted with 10 volumes of a buffer containing
no denaturants, and kept for more than 20 min at 4◦C, af-
ter which the suspension is centrifuged again. The resulting
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precipitate should contain proteins that are difficult to sol-
ubilize by ordinary procedures. The solubilization, dilution
and centrifugation cycle is repeated once more, completing
a very efficient purification step for such proteins.
Thewashed precipitates are again dissolved in TEMbuffer
containing 6M GnHCl in a graduated conical tube, at a
concentration of 2–20 mg protein/ml, as judged by the
BCA protein assay (Pierce, Rockford). The solution is trans-
ferred into dialysis tubing and an equal volume of glycerol
is added to prevent gelation of proteins during dialysis. Af-
ter sealing the tubing, the solution is mixed by inversion.
The total protein concentration at this stage should be less
than 10 mg/ml; preferably less than 2 mg/ml. If the tubing
contains less than 5 ml, it is placed in a 50 ml conical tube
containing 45 ml of a 3:1 (v/v) mixture of glycerol and TEM
buffer. If the volume is greater, a 300–1000 ml centrifuge
bottle is used. The tube or bottle is then rotated at 10 rpm
and 4◦C for more than 10 h. The 75% glycerol buffer is
changed twice each 2–4 h or once after 8 h. The dialyzed
solution can then be stored in a freezer at −20◦C.
Dilution in an aqueous buffer
The 75% glycerol solution containing 1–10 mg protein/ml
is rapidly diluted with 6.5–14 volumes of TEM buffer con-
taining 0.1 M NaCl to give a final solution containing
10–5% glycerol. For large scale preparations, the glycerol
solution is added dropwise at the center of the diluent,
which is simultaneously subjected to vigorous magnetic
stirring. For small scale preparations, drops of the glycerol
solution are placed on the wall or lid of an Eppendorf tube
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Table 1. Summary of solubilization of proteins in the form of inclusion bodies.
# Source Protein/modificationa Vector/host Solubilizedb Activityc Improvementd
1 Escherichia Sigma-70 with deletion of pTrc99Ag/C600 >95% + 10
coli aa 130 through 374 and
carrying an HMKtage.
Also 4 derivativesf
>95%g Not determined 10
2 Drosophila 175 aa section of TFIIH pGEX-4T-2h/BL21(DE3)i 9% + 180
melanogaster homologue fused with
GST at N-terminus
3 Arabidopsis Chloroplast SigA with pET15bi/BL21 60% Not determined 85
thaliana signal peptide (DE3, pLysS)I
ibid. without signal peptide ibid 15% Not determined 11
4 Tetrahymena A translational factor pTE3i/BL21(DE3)i >95% Not determined 110
thermophila (His)6 at C-terminus
5 Hen egg Avidinj with a saturatingk - >95% + 10
modification by FITCk
aPrepared in this study (1, 5) or gifts from Dr Hiroyuki Kose in the National Institute of Genetics (2), or from Dr Kan Tanaka (3) and Dr
Koichi Ito (4) of Tokyo University. bFractions of proteins recovered in the supernatant of the final buffer containing 5% glycerol. cActivities
were measured by transcription initiation (1), binding to a glutathione column (2), and binding to biotin (5). dRatios of the yields by the new
procedure and the control procedure. eSee Ref. 8 fDerivatives with single amino-acid substitutions. gThe K502C mutant of the sigma-70
derivative (50 µg) was refolded on 0.1 ml of DEAE Toyopearl S650 resin (Toyobo). hFrom Amersham Pharmacia Biotech iFrom Novagen
jFrom Taiyo Kagaku, Tokyo kAfter modification with FITC (Molecular Probe), unreacted FITC was removed by adding acetone to 50%, with
precipitation of the modified avidin.
containing diluent, followed by Vortex mixing at full-speed
for 10 sec. The diluted samples are placed on ice for more
than 10 min, then centrifuged at not less than 10 000×g to
remove possible precipitate.
Results and discussion
No precipitation was observed with any of the ten test pro-
teins in the first step (Table 1). The high glycerol concen-
tration is essential. Significant precipitation was observed
when it was decreased to 50%. In the second step, rapid
dilution is required for a high yield. The second step could
be further improved by selecting better buffer components
and by use of ion-exchange resin during renaturation (Ref.
1, 2, 3), but we here used only TEM buffer for dilution.
In the conventional method that we have used as a stan-
dard for comparison, 0.1–1.0 mg total protein/ml in 6M
GnHCl solution was dialyzed directly against TEM buffer
containing 0.1 M NaCl and 5% glycerol, and the dialyzed
solution was centrifuged to remove insoluble proteins. The
initial protein concentrations used in the new procedure
were 15-fold more concentrated, to compensate for the 15-
fold rapid dilution in the second step. The soluble fractions
obtained by the two procedures were analyzed by SDS PAGE
and the gels were reverse-stained (Ref. 4, 5). Proteins were
quantitated by reference to bands of various amounts of
6M GnHCl solutions or 75% glycerol solutions. The new
procedure improved yields by 10 to 180 fold (Table 1). Two
further procedures were tested, using one of #1 proteins in
Table 1. A stepwise dialysis procedure (3 M, 1.5 M, 0.75 M,
0.4 M, and 0 M GnHCl for 3 h each) gave the same yield as
the conventional dialysis. By contrast, a resin-assisted ver-
sion of the new procedure, which is more convenient for
purification, gave an equally excellent result (Table 1). An
ion-exchange resin was added in the tubing, and dialyzed
against the 75% and then 5% glycerol buffers in place of
rapid dilution. The resin was collected by centrifugation,
and the protein was eluted with TEM buffer containing
0.5M KCl.
The new procedure was applicable to inclusion bodies
formed by proteins with intact primary structures (#3), dele-
tion derivatives (#1) or artificial structures (#2, 4), as well
as a chemically modified protein (#5). Activities of some
proteins were confirmed, indicating their renaturation, at
least partially. The yield depends on the components of
the diluent and the results shown in Table 1 could proba-
bly be improved further. The effect of the components is
unpredictable; for example, use of Triton X-100 or other
detergents generally increased the yields, but reduced that
of protein #4.
The resulting aqueous and 75% glycerol solutions are
not always stable, and further precipitation can take place.
In the case of proteins #1, solutions as concentrated as 10
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mg protein/ml could be obtained in the final dilution step.
However, these slowly formed precipitates over the course
of several days at 4◦C, stabilizing only when the concentra-
tion reached 2 mg/ml. Inclusion of Triton X100 prevented
this instability. Proteins #3 precipitated in the 75% glycerol
solution after a storage of three months at −20◦C.
The exact basis of the improvement obtained by this pro-
cedure is not known. We can speculate that the increase in
viscosity might prevent aggregation and precipitation, and
that the high H-bond forming character of glycerol might
stabilize protein conformations. Indeed, proteins seem to
interact with glycerol similarly to water, because lysozyme
keeps its native conformation in glycerol (Ref. 6). This pro-
cedure has been under patent application (Ref. 7).
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